Acoustic scattering techniques provide a unique and powerful tool to remotely investigate the physical properties of the ocean interior over large spatial and temporal scales. With high-frequency acoustic scattering it is possible to probe physical processes that occur at the microstructure scale, spanning submillimeter to centimeter scale processes. An acoustic scattering model for turbulent oceanic microstructure is presented in which the current theory, which only accounts for fluctuations in the sound speed, has been extended to include fluctuations in the density as well. The inclusion of density fluctuations results in an expression for the scattering cross section per unit volume, v , that is explicitly dependent on the scattering angle. By relating the variability in the density and sound speed to random fluctuations in oceanic temperature and salinity, v has been expressed in terms of the temperature and salinity wave number spectra, and the temperature-salinity co-spectrum. A Batchelor spectrum for temperature and salinity, which depends on parameters such as the dissipation rates of turbulent kinetic energy and temperature variance, has been used to evaluate v . Two models for the temperature-salinity co-spectrum have also been used. The predictions indicate that fluctuations in the density could be as important in determining backscattering as fluctuations in the sound speed. Using data obtained in the ocean with a high resolution vertical microstructure profiler, it is predicted that scattering from oceanic microstructure can be as strong as scattering from zooplankton.
I. INTRODUCTION
High-frequency acoustic scattering techniques are commonly used to obtain highly informative, though often qualitative, images of the biological and physical processes that occur in the ocean interior. For example, these techniques have been applied, with varying success, to the assessment of the distribution of zooplankton and fish ͑Holliday and Pieper, 1995; Medwin and Clay, 1998͒ . It is also common to observe high-frequency acoustic scattering images of internal waves ͑Proni and Apel, 1975; Haury et al., 1979; Farmer and Smith, 1979; Sandstrom et al., 1989; Trevorrow, 1998; Farmer and Armi, 1999; Orr et al., 2000͒ . However, the exact interpretation of the scattering images in terms of a physical or biological process remains poorly understood. It is possible that the scattering arises from turbulent microstructure created by breaking internal waves, biological organisms or other particulates acting as passive tracers of the different physical processes, or, as is most likely, a combination of these processes.
In this paper we focus on the scattering of sound from turbulent oceanic microstructure. There is a significant body of evidence suggesting that high-frequency acoustic scattering from oceanic microstructure can be as strong as that due to zooplankton ͑Munk and Garrett, 1973; Proni and Apel, 1975; Goodman and Kemp, 1981; Thorpe and Brubaker, 1983; Goodman, 1990; Seim et al., 1995; Seim, 1999͒ . This observation has led to an interest in the possibility of using acoustic scattering techniques to remotely infer physical properties of the scattering medium. Such measurements could be valuable, for example, for the remote determination of fundamental ocean mixing parameters. The smallest length scales before mixing is complete, referred to as the microstructure scale, are set by molecular diffusion. Large gradients in the media properties can occur at these submillimeter to centimeter scales with the potential of creating measurable acoustic scattering returns. The acoustic wave lengths of interest are commensurate with the scale set by the physical process, corresponding to high-frequency sound spanning tens of kHz to a few MHz.
There are many alternative techniques for acquiring information regarding the physical and biological processes that occur in the ocean interior. However, most of these techniques are limited by either the volume sampled or the spatial and temporal resolution of the measurements. For example, free-falling vertical microstructure probes have extremely high spatial resolution, and yet are inherently onedimensional in nature. The primary advantage of using acoustic techniques is the possibility of synoptically imaging large volumes of the ocean interior without compromising on the high spatial resolution of the measurements. The primary challenge involves the interpretation of the received signal in terms of relevant physical and biological parameters.
Accurate scattering models are key to the interpretation of the received acoustic signals. With such models, though typically also in conjunction with supporting physical and biological information, it may be possible to distinguish between the complex scattering signatures characteristic of difa͒ Electronic mail: alavery@whoi.edu ferent physical and biological processes ͑Stanton et al., 1994; Trevorrow, 1998͒ . Under sufficiently wellcharacterized environments it may even be possible to infer properties of the processes that give rise to scattering ͑Lher-mitte and Lemmin, 1993; Goodman et al., 1992; Stanton et al., 1994; Menemenlis and Farmer, 1995; Oeschger and Goodman, 1995͒ . Of most interest to the current investigation, if the contribution from turbulent oceanic microstructure can be isolated, it may be possible to use scattering models to determine parameters such as the dissipation rates of turbulent kinetic energy or temperature variance.
Over the years a number of investigations have predicted that volume scattering resulting from fluctuations in oceanic temperature ͑arising from sound speed fluctuations alone͒ can be significant ͑Kraichnan, 1953; Munk and Garrett, 1973; Proni and Apel, 1975; Goodman and Kemp, 1981; Goodman, 1990͒ . These predictions are supported by highly suggestive, though infrequently conclusive, evidence ͑Thorpe and Brubaker, 1983͒. More recently, it has been predicted that the effects of salinity fluctuations ͑again arising from sound speed fluctuations alone͒ can also be important ͑Seim et Seim, 1999͒ , particularly at higher frequencies and at locations where salinity plays a significant role in determining the vertical density stratification. To date though, acoustic scattering models specifically developed for turbulent oceanic microstructure have only included the effects of sound speed fluctuations, ignoring the effects of density fluctuations. Yet temperature and salinity microstructure gives rise to small scale fluctuations in both the sound speed and the density.
In this paper we show that under some circumstances it is critical to include the effects of density fluctuations to accurately predict acoustic scattering by turbulent oceanic microstructure. It has been common practice to consider fluctuations in the medium density in both the fields of medical ultrasound and atmospheric turbulence. The theory behind these seemingly disparate fields is broadly similar, though there are differences in the details of the application of the theory to the different fields ͑Chernov, 1960; Tatarski, 1961; Morse and Ingard, 1968; Ishimaru, 1978; Goodman and Kemp, 1981; Waag, 1984͒ . The theory is based on farfield weak scattering for which the Born approximation can be used to evaluate the scattering cross section per unit volume, v . However, unlike for medical ultrasound and atmospheric turbulence, the contribution to scattering from oceanic microstructure due to fluctuations in the density has typically been neglected. We have included the density contribution to v for oceanic microstructure and have found that it can be comparable to the contribution from sound speed fluctuations, leading to increases in v as large as a factor of 4 ͑corresponding to a 6-dB increase in the volume scattering strength͒, under certain conditions. In addition, the inclusion of density fluctuations leads to an expression for v which contains an explicit dependence on the scattering angle.
This paper is organized as follows. In Sec. II, we derive an expression for v that includes contributions from both density and sound speed fluctuations. Then, in Sec. III, by assuming a universal Batchelor spectrum for temperature and salinity, two expressions for v are derived. One expression uses an upper bound for the temperature-salinity co-spectrum ͑Bendat and Piersol, 1986͒, and represents the case of a perfect correlation between temperature and salinity fluctuations. In addition, we have developed an expression for the co-spectrum that is based on Stern's theory ͑1968͒. In Sec. IV, general predictions for scattering from turbulent oceanic microstructure are made and the range of model input parameters for which the density contribution is important are isolated. We also make acoustic scattering predictions based on microstructure data obtained using a high resolution vertical microstructure profiler ͑Schmitt et al., 1988͒. From these data, all the model parameters necessary for making scattering predictions at relevant scales can be determined. Finally, in Sec. V, the results are summarized and recommendations are made as to the conditions under which it is important to include the density term in predictions of acoustic scattering from oceanic microstructure.
II. SCATTERING FROM TURBULENT OCEANIC MICROSTRUCTURE
A general expression for the scattering cross section per unit volume, v , due to random fluctuations in the compressibility and density of a weakly scattering medium is derived in Sec. II A. The resulting expression for v is not specific to oceanic microstructure, and alternative derivations can be found in a number of standard text books ͑Chernov, 1960; Tatarski, 1961; Morse and Ingard, 1968; Ishimaru, 1978͒ . In order to facilitate the application of this formulation to oceanic microstructure, the expression for v in terms of the medium compressibility and density is then expressed in terms of the medium density and sound speed, though the expression that is derived is still not specific to oceanic microstructure, but holds for any weakly scattering random medium. Assumptions specific to oceanic microstructure are made in Sec. II B, where the temperature and salinity dependence of density and sound speed are explicitly included in the expression for v .
A. Weak scattering by random media
A sound wave traveling through a region ͑of volume V͒ containing turbulent microstructure will be scattered from the changes in the medium density and compressibility. Suppose the density, (r,t), and compressibility, (r,t), in the region fluctuate randomly in space and time, deviating from the average values of the medium density, 0 , and compressibility, 0 . From this point on, we assume that the density and compressibility do not change significantly during the time of the measurement, and therefore that ͑r͒ and ͑r͒ are time independent. Any temporal changes that might occur are simply considered as different realizations of the real random fields ͑r͒ and ͑r͒. For a weakly scattering medium in which the fluctuations in the compressibility and density are small, such as that produced by turbulent microstructure, the Born approximation can be used. In this case, there are well known solutions to the wave equation, and the far field scattered pressure wave is given by ͑Morse and Ingard, 1968, p. 411, Eq. 8.1.14͒
where k is the incident acoustic wave number (ϭ2/, where is the acoustic wave length͒, r is the range from the scattering volume to the receiver, and P 0 is the incident acoustic pressure at some known reference range. The scattering amplitude, f , is a measure of the efficiency with which sound is scattered and is given by ͑Morse and Ingard, 1968, p. 413, Eq. 8.1.20͒:
where 
͑4͒
where c 2 ϭ1/ and c 0 is the mean sound speed. The contribution to scattering from fluid velocity has been ignored in the derivation of Eq. ͑2͒. This contribution has been investigated by others and, for oceanic microstructure, can be shown to be smaller than the other contributions by various orders of magnitude ͑Goodman, 1990͒. In fact, for backscattering, fluid velocity fluctuations do not contribute to scattering at all. It has also been assumed that the scattering volume is bounded and in the far field of both the transmitter and the receiver and that the transmitter and receiver are in the far field of the scattering volume.
The solution to the wave equation for bounded weakly scattering targets given by Eq. ͑2͒ has been used on many occasions as a starting point for developing scattering models for random media variability; it has been used for scattering of electromagnetic waves from atmospheric turbulence ͑Chernov, 1960; Tatarski, 1961; Morse and Ingard, 1968; Ishimaru, 1978͒ , scattering of ultrasonic waves from different tissues in the field of medical ultrasound ͑Waag, 1984; Waag et al., 1985 , and it has also been used previously for scattering of high-frequency sound from temperature microstructure in the ocean ͑Munk and Garrett, 1973; Goodman and Kemp, 1981; Goodman, 1990͒ . In addition, it has been used as a starting point for a number of acoustic scattering models for weakly scattering zooplankton ͑McGehee et Stanton et al., 1998; Chu and Ye, 1999; Lavery et al., 2002͒ . In contrast to the models developed for individual zooplankton, scattering from random media fluctuations is typically described in terms of the statistical properties of the medium. Thus, the scattering cross section per unit volume, v , with units of inverse length, is given by ͑Ishimaru, 1978, p. 332, Eq. 16-10a͒
where ͗ . . . ͘ represents an ensemble average, and r 1 and r 2 are integration vectors over the volume V. The term B ␥ (r 1 ,r 2 )ϵ͗␥(r 1 )␥*(r 2 )͘ϭ͗␥(r 1 )␥(r 2 )͘ is the spatial correlation function of the real random field, ␥, that describes the physical properties of the medium in the volume V. Note that the term volume scattering coefficient ͑denoted s v ) is more commonly used in the literature ͑instead of v ) when referring to an aggregation of discrete scatterers ͑Urick, 1980; Medwin and Clay, 1998͒. Following the bulk of the published literature on scattering from turbulent microstructure we assume that the medium properties are homogeneous, meaning that the mean value of ␥ is constant and that the correlation function, B ␥ (r 1 ,r 2 ), does not change when the pair of points (r 1 , r 2 ) is displaced by the same amount in the same direction ͑Ta-tarski, 1961, p. 15͒. This latter assumption requires some justification since vertical stratification in the ocean is prevalent. However, the vertical stratification can be overturned by sufficiently large velocity shears. Typically, once overturning has occurred, physical structures that are aligned vertically or horizontally are destroyed, and the medium becomes turbulent, resulting in random homogeneous fluctuations in the FIG. 1. Scattering geometry for an incident plane wave scattering from a bounded region of volume V containing random, stationary, homogeneous and isotropic fluctuations in the density and sound speed. r v is the position vector of an infinitesimal volume element, k i is a unit vector along the direction of the incident wave, k s is a unit vector along the direction of the scattered wave, and Kϭk(k s Ϫk i ). The angle between the incident and scattered wave vectors is given by (k i •k s ϭcos ), and Kϭ͉K͉ ϭ2k sin(/2). K is maximum at backscattering where ϭ.
medium properties, at least locally within the scattering resolution volume. In the ocean interior the principal cause of mechanical mixing, or the source of high velocity shear resulting in overturning events and turbulent microstructure, is the presence of internal waves, which is where the assumptions we make here are most likely valid. Consequently, with the assumption that the fluctuations are locally homogeneous: B ␥ (r 1 ,r 2 )ϭB ␥ (r 1 Ϫr 2 ,0)ϭB ␥ (r), where the substitution rϭr 1 Ϫr 2 has been made. Letting xϭ(r 1 ϩr 2 )/2, and performing the integral over x,
For wave front curvature effects to be unimportant ͑Good-man, 1990; Waag et al., 1985͒ , there must be many characteristic length scales of the media variability encompassed within the first Fresnel radius, R F . For a point transmitter and receiver, the first Fresnel radius refers to the locus of points for which the phase difference that arises from the path length difference between this locus of points and the center of the volume V is equal to /2. At backscattering R F ϭͱR/2, where R is the range from the transmitter to the center of the volume V ͓an expression for R F for forward scattering is given in Flatte et al. ͑1979, p. 91, Eq. 6.2.2͔͒. Next, we assume that the volume V is sufficiently large that many correlation lengths of the random media properties are encompassed by the volume. These assumptions allow the integral over the volume V in Eq. ͑6͒ to be converted to an integral over all space:
⌽͑K͒ is the Fourier transform of the spatial correlation function of the medium variability, or simply the 3D wave number spectrum of the medium variability evaluated at K. If we further assume that the medium is isotropic, then B ␥ (r) ϭB ␥ (r) and ⌽(K)ϭ⌽(K). The effects of anisotropy on scattering have been considered by Goodman ͑1990͒, who included a vertical wave number scaling factor, ␣ ͑the ratio of vertical to horizontal spatial scale size͒, which resulted in an increase ͑␣ is typically Ͻ1) in the predicted scattering by a factor of ␣ Ϫ2 . If the degree of anisotropy is small, the scattering cross section per unit volume is given by
As mentioned earlier, a similar expression for v can be found in a number of standard text books and has been used widely in the literature. However, when applied specifically to oceanic microstructure, the expression for B ␥ inside the integral is typically given in terms of sound speed fluctuations alone, and the contribution from density fluctuations is ignored. In order to facilitate the application of this formalism to the specific case of oceanic microstructure, we proceed to obtain an expression for v which is explicitly written in terms of both density and sound speed fluctuations. This requires the evaluation of the spatial correlation function B ␥ in terms of sound speed and density fluctuations. Since we are considering a weakly scattering medium, ϭ 0 ϩЈ and c ϭc 0 ϩcЈ, where the inherent variations in the medium density, Ј, and sound speed, cЈ, satisfy cЈ/c 0 Ӷ1 and Ј/ 0 Ӷ1. From Eq. ͑4͒,
where only first order terms in the primed variables have been kept. Making use of these relationships, the trigonometric relationship (1Ϫcos )ϭ2 sin 2 (/2), as well as the definition of ␥ ͓Eq. ͑3͔͒, the spatial correlation function of media variability becomes
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Using this expression for
where ⌽ c (K), ⌽ (K), and ⌽ c (K) are the 3D wave number spectra of the sound speed fluctuations, density fluctuations, and the correlation between sound speed and density fluctuations. In arriving at this expression, it should be noted that all cross-terms between density and sound speed fluctuations have been included. No assumptions specific to scattering from oceanic microstructure have been made in deriving this general expression, which holds ͑theoretically͒ for any weakly scattering random medium. To date, various equivalent forms of Eq. ͑11͒ have been used to describe scattering by atmospheric turbulence and organ tissues. However, all formulations specific to scattering from oceanic microstructure have only included fluctuations in the sound speed, resulting in simply the first term in this expression. The inclusion of density fluctuations results in two extra terms, both of which have an explicit angular dependence. It is clear from the wave equation where this angular dependence arises since the term involving density depends on the gradient of the density. We turn now to the specific case of scattering from turbulent oceanic microstructure.
B. Application to turbulent oceanic microstructure
The most convenient parameters for describing scattering from turbulent oceanic microstructure are temperature and salinity, since these are the most commonly measured, and consequently better mapped and understood oceanographic parameters. The aim of this section is to express Eq. ͑11͒ in terms of the wave number spectra of temperature and salinity, instead of density and sound speed. Fluctuations in the sound speed and density are related to the small scale fluctuations in temperature, TЈ, and salinity, SЈ, by 
where ⌽ T (K), ⌽ S (K), and ⌽ ST (K) are the 3D wave number spectra of temperature, salinity, and the temperaturesalinity co-spectrum, all evaluated at the wave number K. This is a general expression for the scattering cross section per unit volume describing scattering from stationary, homogeneous, and isotropic turbulent oceanic microstructure. Unlike previous formulations of scattering specific to turbulent oceanic microstructure, which only included fluctuations in the sound speed, the scattering cross section per unit volume derived here also includes the contributions from variability in the density. It has typically been assumed ͑Tatarski, 1961; Goodman and Kemp, 1981; Thorpe and Brubaker, 1983; Goodman, 1990; Seim et al., 1995; Seim, 1999͒ that scattering from oceanic microstructure is dominated by sound speed fluctuations, that is, Ј/ 0 ӶcЈ/c 0 . In 6͒: aϭ3.19ϫ10 Ϫ3 Seim et al. ͑1995͒ developed this theory one step further, and included the contributions to scattering from fluctuations in the sound speed originating from both temperature and salinity microstructure. In this scenario, ␥ ϭЈ/ 0 Ϸ0, ␥ ϷϪ2cЈ/c 0 ϭϪ2(aTЈϩbSЈ), and the scattering cross section per unit volume is given by
This expression is identical in form to Eq. ͑20͒ with the coefficient A replaced by a, and B replaced by b. However, the coefficients A and B contain terms involving the coefficient of thermal contraction ͑␣͒, the coefficient of haline expansion ͑␤͒, and the bi-static scattering angle ͑͒ that are specific to the inclusion of density fluctuations. It can be seen from the expressions for A and B that the contribution to scattering from the density term is maximum at backscatter (ϭ) and disappears at angles close to forward scattering (ϭ0). Finally, it should be noted that since ␣ӷa while ␤Ϸb, the contribution to scattering from density fluctuations will be most significant under conditions in which salinity ͑and not temperature͒ microstructure dominates the scattering. For homogeneous and isotropic random media fluctuations, the 3D wave number spectrum ⌽(K) can be related to the 1D wave number spectrum, (K) ͑Tatarski, 1961, p.17, Eq. 1.27͒ by
Expressing v in terms of 1D wave number spectra is useful as standard oceanographic measurements typically involve performing vertical temperature and conductivity profiles, resulting in 1D wave number spectra. Applying Eq. ͑22͒ to Eq. ͑20͒, v is given by
where the contribution to scattering from temperature fluctuations alone, v T , is given by the first term in this expression, scattering from salinity fluctuations alone, v S , is given by the second term in this expression, and the scattering from the temperature-salinity co-spectrum alone, v ST , is given by the last term. Using these expressions, it may ultimately be possible to measure the acoustic scattering from turbulent oceanic microstructure and invert for the wave number spectra of temperature and salinity, and their co-spectrum. Thus, using high-frequency acoustic scattering techniques, it may be possible to ͑1͒ overcome the technical difficulties associated with resolving the salinity spectrum with standard oceanographic measurement techniques, and ͑2͒ obtain an estimate for the yet unmeasured temperature-salinity cospectrum.
III. PARAMETRIZATION OF SCATTERING IN TERMS OF MEASURABLE PHYSICAL PARAMETERS
The 1D wave number spectra of temperature, salinity, and the co-spectrum must be expressed in terms of measurable physical parameters in order to predict acoustic scattering from turbulent oceanic microstructure. In this section we derive expressions for v T and v S based on wave number spectra for temperature and salinity similar to those proposed by Batchelor ͑1959͒. In addition, two models for the cospectrum of temperature and salinity are used to calculate v ST .
A. The temperature and salinity spectra , and a viscous-convective model at higher wave numbers, where (m 2 s Ϫ1 ) is the molecular viscosity, and ⑀ (W kg Ϫ1 ) is the dissipation rate of turbulent kinetic energy. Within the framework of these models, the temperature spectrum ͑Batchelor, 1959; Dillon and Caldwell, 1980͒ is given by
where ϭ(⑀/)
1/2 /q is the strain rate. The spatial wave number is denoted by k to distinguish it from the acoustic wave number k. Throughout the remainder of this paper, superscripts Ͻ and Ͼ indicate that the quantity being referred to is valid for wave numbers smaller than, and larger than, k*, respectively. The salinity spectrum is given by Table I .
Since the parametrization of the temperature and salinity spectra are identical, the only difference between these spectra is the relevant scale set by k d and k ds , and the overall magnitude of the spectra, which is determined to a large part by T and S ͑Fig. 2͒. Since S remains unmeasured, it is assumed that temperature and salinity have equal eddy diffusivities, from which it follows that the scalar dissipation rates are related by S ϭ T /␦ 2 ͑Osborn and Cox, 1972; Gregg, 1984͒. The roll-off for the salinity spectrum occurs at higher spatial wave numbers (ϳ a factor of 10͒ than the roll-off for the temperature spectrum since the molecular diffusivity for salt is approximately two orders of magnitude smaller than the molecular diffusivity for temperature.
In order to evaluate v it is necessary to calculate terms such as d T /dk and d S /dk . For k рk*,
, while for k уk*,
A quantity which will be useful later is the ratio of S to T :
. At low wave numbers R G Ϸ1, while above the diffusive cutoff wave number for heat, R G increases rapidly, and the temperature spectrum is much smaller than the salinity spectrum, though both may be small.
It is now possible to evaluate v T and v S , recalling that the wave number spectra must be evaluated at the wave number, K, which is related to the acoustic wave number, k, by Kϭ2k sin(/2):
Using Eqs. ͑30͒ and ͑31͒, the ratio of the temperature to salinity contribution to scattering is given by
Here R c is defined by   FIG. 2 . Estimated wave number spectra ͑based on parameters for case 3 in Table I͒ as a function of spatial wave number for temperature ͑open circles͒, T ; salinity ͑crosses͒, S ; and the temperature-salinity co-spectrum, ST ͑solid and dashed lines͒. Two models have been used for the co-spectrum: the first is an upper bound for co-spectrum ͑solid line͒, representing perfect positive correlation between temperature and salinity fluctuations, while the second model for the co-spectrum ͑dashed line͒ we have derived.
The definition of R c parallels the definitions for the vertical density, R , and sound speed, R c , ratios ͓Eq. ͑17͔͒. R c expresses the relative importance of temperature versus salinity in determining the vertical gradient for a combined density and sound speed expression. R c depends on the multi-static scattering angle, but is independent of the acoustic wave number. For a particular set of ͑␣, ␤, ␦, a, b) values, R c changes by approximately a factor 2 as a function of angle, decreasing from R c at ϭ0°͑forward scattering͒ to approximately R c /2 at ϭ180°͑backscattering͒. . The ratio of the maximum value of v T to the maximum value in v S is given by
. ͑34͒
B. The temperature and salinity co-spectrum
Currently, there are no data regarding the co-spectrum of temperature and salinity, and the existing theory is based on limiting cases, such as perfect correlation between temperature and salinity, or no correlation at all. We make predictions based on two models for the co-spectrum. The first involves an upper bound for the co-spectrum ͑Bendat and Piersol, 1986͒, representing a perfect correlation between temperature and salinity fluctuations. This upper bound for the co-spectrum has been used previously by other authors ͑Washburn et al., 1996; Seim, 1999͒. The second model for the co-spectrum we have derived and it is based on the temperature-salinity co-variance theory of Stern ͑1968͒. It should be noted that a zero-correlation model can be implemented by neglecting the contribution to scattering from the co-spectrum term.
Model 1: Upper bound
The upper bound for the temperature and salinity cospectrum is given by ͑Bendat and Piersol, 1986, p. 117, Eq.
. To evaluate v ST using this model for the co-spectrum it is necessary to first evaluate d ST /dk :
where d T /dk and d S /dk are given by Eqs. ͑27͒ and ͑28͒. From Eq. ͑23͒, for k Ͻk*,
and, for wave numbers above k*,
Model 2: Co-spectrum based on Stern's theory
We have developed a model for the co-spectrum that is based on Stern's theory ͑1968͒. Batchelor spectra for T and S are used in this derivation to evaluate the variances as a function of wave number, and we assume that this model is valid for all wave numbers of interest here. Our co-spectrum model is given by
where L e (ϭD T /D S ) is the diffusivity ratio, or Lewis number, and varies from Ϸ80 in warm water to Ϸ230 in cold water. It can be seen from Fig. 2 that at high spatial wave numbers our co-spectrum model predicts a higher correlation between temperature and salinity fluctuations than the upper bound model. The scattering contribution from this co-spectrum model is given by
Since the sign of R c is determined by ␦, and all terms relating to the co-spectrum contribution to scattering have R c or R c Ϫ1 as a prefactor, the effect of the co-spectrum on v is determined by the sign of ␦. If ␦ is positive, either model for the co-spectrum results in an increase in the mag-
IV. PREDICTIONS
To illustrate many of the points of this paper, values that are typical for an open ocean environment were chosen for the model input parameters ͑Table I͒. Modest values of ⑀ and T were chosen. Changes in T simply result in an overall increase or decrease in v , and do not change the overall shape of v . On the other hand, changes in ⑀ affect both the overall magnitude as well as the wave number dependence of v . Since the parameter R c is important in determining the relative magnitudes of the temperature and salinity contributions to scattering, and thus is also important in determining the relative importance of the density versus sound speed contribution, predictions based on three values of R c , evaluated at ϭ, are discussed in this section ͑Table I͒: ͑1͒ R c ϭ1, ͑2͒ R c ϭ3.477(Ͼ1), and ͑3͒ R c ϭ0.287(Ͻ1). We assume a backscattering orientation for most of the predictions presented in this section, though the angular dependence is also investigated in Sec. IV D.
A. The relative contribution to scattering from density versus sound speed fluctuations
The importance of including density fluctuations in predicting scattering from turbulent oceanic microstructure can be assessed by comparing predictions of v arising from the inclusion of both sound speed and density fluctuations ͓Eq. ͑20͔͒ to predictions of v arising from the inclusion of sound speed fluctuations alone ͓Eq. ͑21͔͒ ͑Fig. 3͒. The expressions for v are very similar in form: the coefficients A and B in Eq. ͑20͒ are simply replaced by a and b in Eq. ͑21͒. Since aӷ␣, and AϭaϪ␣ sin 2 (/2)Ϸa, the inclusion of the density term has a minimal effect on v T , at any angle. In contrast, since bϷ␤, and Bϭbϩ␤ sin 2 (/2), the inclusion of the density term increases v S from b 2 to B 2 Ϸ4b 2 at backscattering. This corresponds to approximately a 6-dB increase in the scattering level. The magnitude of v ST increases from 2ab to 2ABϷ4ab due to the inclusion of the density term, corresponding to a 3-dB increase. These relative increases do not depend strongly on the model input parameter values, the form of the spectra or co-spectrum, or on the acoustic wave number ͑at any given scattering angle͒. However, the effects of including density fluctuations are strongly dependent on the scattering angle, with the largest effects occurring at backscattering, while becoming negligible at angles close to forward scattering. From this point on, all predictions will include the contribution to scattering from density fluctuations.
B. The relative contribution to scattering from temperature versus salinity microstructure
The relative magnitude of v T and v S is strongly dependent on the spatial wave number ͑Fig. 3͒, which is related to the acoustic wave number through the condition that K ϭ2k sin(/2). For spatial wave numbers below k*, the term R 
Ϸ3, though it must be recalled that these maxima occur at different wave numbers since the diffusive cutoff wave numbers for heat and salt differ by an order of magnitude.
C. The relative contribution to scattering from the cospectrum
The contribution to scattering from the upper bound cospectrum ͑model 1͒ is given by Eq. ͑36͒ for spatial wave numbers below k* and by Eq. ͑37͒ for spatial wave numbers above k* ͑Fig. 4͒. Recalling that v TϽ ϭR c 2 v SϽ ͓Eq. ͑32͔͒, the contribution to scattering from the upper bound cospectrum ͑model 1͒ for wave numbers below k* is thus given by
The contribution to scattering from our co-spectrum ͓model 2: Eq.
)(2/R c ) for wave numbers below k*. Since L e ӷ1, the contribution to scattering from v ST is approximately equal for both models and is determined by 2/͉R c ͉. T at any frequency or angle. In contrast, inclusion of the density term significantly increases the value of v S over the entire frequency range investigated. The relative increase in scattering that occurs due to the inclusion of density fluctuations does not depend on the values of ⑀ and T . Thus the importance of including the density term can be assessed without precise knowledge of the dissipation rates.
For wave numbers above
Consequently, for the upper bound co-spectrum ͓model 1:
, while for our co-spectrum ͓model 2: Eq.
However, since R G increases relatively rapidly, and 2R c /L e Ӷ1 for typical values of R c investigated here, the contribution to scattering from either cospectrum, for wave numbers above k d , is small. For the small range of wave numbers between approximately k* and k d , the wave number dependence of v ST is quite complicated, depending on a delicate balance set by the values of R c , R G , L e , and the relative magnitudes of v T and v S ͑Fig. 4͒. Briefly synthesizing, the contribution from the cospectrum does not, in general, significantly alter the scattering trends, particularly at wave numbers above k d . The most significant changes are expected to occur over a small wave number range between k* and k d .
D. The angular dependence of scattering from temperature and salinity microstructure
The angular dependence of v T and v S ͑Fig. 5͒ is determined by both R c and the acoustic wave number, k. However, the angular dependence is significantly more sensitive to changes in k than to changes in R c , since R c only changes by a factor of 2 between forward and backscattering. T , and as the angle decreases towards forward scattering, the wave number K spans through the sharp roll-off, resulting in a strong angular dependence. In contrast, v S remains relatively flat since KϽk ds for all angles. In region (iii), both v T and v S depend strongly on the multi-static scattering angle since 2kϾk ds Ͼk d and as changes from to 0, K sweeps through the sharp roll-off in both the temperature and salinity. It is clear that the differences between the angular trends in v T and v S are largest in region (ii), where the wave number K at backscattering lies between the diffusive cutoff wave number for temperature and salinity. In fact, the vast differences predicted between the angular dependence of v S and v T in this region of wave number space suggest that multi-static measurements of acoustic scattering may provide a very fruitful technique for discriminating between temperature and salinity microstructure.
E. Acoustic scattering predictions based on high resolution microstructure data
In this section we make predictions of acoustic backscattering from oceanic microstructure based on data from which all the necessary model input parameters can be extracted. This data set involves microstructure data taken on the R/V NEW HORIZON in March 1991 on a cruise to the seamount Fieberling Guyot. A high resolution profiler ͑HRP͒ ͑Schmitt et al., 1988͒ was deployed 95 times above and around the seamount, which rises from background depths of approximately 4000 m to about 500 m below the surface. T , and salinity, v S , contributions to the scattering cross section per unit volume at (i) 60 kHz ͑region I: k d ϭ769 cpm, kϭ251 cpm, Kϭ502 cpm at ϭ), (ii) 200 kHz ͑region II: k d ϭ769 cpm, k ds ϭ9207 cpm, kϭ838 cpm, Kϭ1676 cpm at ϭ), and (iii) 2.3 MHz ͑region III: k ds ϭ9207 cpm, kϭ9634, K ϭ19268 cpm at ϭ), for model input parameters taken from case 3 in Table I .
From the microstructure sensors on the HRP it is possible to obtain all the necessary model input parameters, at scales commensurate with the acoustic wavelengths of interest.
Acoustic scattering predictions were made for a large subset of the HRP profiles. We present results for a HRP profile performed directly above the seamount summit, since the microstructure measurements indicated that there were increased dissipation rates and velocity shear at the seamount summit, resulting in increased mixing and turbulence ͑Toole et al., 1997͒ ͑Fig. 6͒. The acoustic scattering predictions reflect these observations, with elevated scattering levels predicted for both temperature and salinity microstructure over the seamount summit ͑Fig. 7͒. Over a broad frequency range, the predicted contribution to scattering from salinity microstructure just over the seamount summit is larger than the contribution from temperature microstructure. The results of our model also indicate that the contribution to scattering from the density term is at least as significant as the contribution from the sound speed term. There is a scattering layer between 350 and 450 m in which the predicted scattering levels from salinity microstructure ͑with approximately equal contributions from density and sound speed fluctuations͒ are similar in magnitude to typical scattering levels expected for zooplankton ͑Wiebe et al., 1997͒. These results suggest that if the biological processes in the vicinity of the seamount could be accurately characterized, acoustic scattering techniques might provide a viable means to map areas of high turbulence.
V. SUMMARY AND CONCLUSIONS
In this paper we have extended the current theory of acoustic scattering from turbulent oceanic microstructure to include random fluctuations in density. Previously, it had been assumed that acoustic scattering from oceanic microstructure was due to sound speed fluctuations alone. We have predicted that the contribution to scattering from fluctuations in the density can be comparable to the contribution from sound speed fluctuations, under some circumstances. Depending on the scattering angle, the density contribution can increase the scattering levels by as much as 6 dB, resulting in peak scattering levels that, under certain conditions, could be comparable to levels typically observed for scattering from zooplankton. Neglecting to include the density term can consequently lead to a potentially significant underestimate of volume scattering strengths. 
FIG. 7. Predicted contributions to
backscattering from ͑a͒ temperature microstructure (10 log 10 v T ) and ͑b͒ salinity microstructure (10 log 10 v S ) as a function of depth and acoustic frequency based on HRP microstructure data obtained directly above the seamount Fieberling Guyot ͑see Fig. 6͒ . The contribution to scattering from density fluctuations has been included in all scattering predictions. The contribution to scattering from the cospectrum ͑not shown͒ was found to be small. Note the different horizontal scales for temperature and salinity. There is a layer of elevated scattering just above the seamount summit, with levels that are comparable to those expected from typical zooplankton patches.
As with scattering from media variability in the atmosphere, the inclusion of the density term results in an expression for the scattering cross section per unit volume that is explicitly dependent on the multi-static scattering angle. We predict a very strong dependence on the multi-static scattering angle at certain acoustic wave numbers, and suggest that this dependence could be exploited to distinguish between the contribution to scattering from temperature and salinity microstructure.
The derivations presented here are based on far field weak scattering theory, for which the Born approximation is valid. One of the primary assumptions is that the medium variability is stationary and homogeneous, allowing a statistical description of the scattering in terms of the spatial Fourier transform of the correlation function of the medium variability, which is simply the 3D wave number spectrum of the medium variability. By relating the variability in the density and sound speed to fluctuations in temperature and salinity at the microstructure scale we have obtained an expression for the scattering cross section per unit volume in terms of the wave number spectra of temperature, salinity, and the cospectrum of temperature and salinity. The assumption of isotropy also allows the 3D wave number spectra to be expressed in terms of the 1D wave number spectra, which are more representative of spectra derived from oceanographic measurements.
By assuming a 1D Batchelor spectrum for temperature and salinity, expressions for the scattering cross section per unit volume have been derived in terms of parameters such as the dissipation rates of turbulent kinetic energy, temperature and salt variance. We have found that the parameter R c is critical in determining the relative contribution to scattering from temperature and salinity microstructure. R c is defined in a manner similar to the density (R ) and sound speed (R c ) ratios, but combines the effects of both vertical density and sound speed changes. R c depends on the multistatic scattering angle, but not on the acoustic frequency. At angles close to forward scattering R c is approximately equal to the vertical sound speed ratio R c . However, at angles close to backscattering, R c is approximately equal to R c /2.
Two models for the co-spectrum of temperature and salinity have been used. The first expression represents an upper bound for the temperature and salinity co-spectrum. The second expression for the co-spectrum we have derived, and is based on the temperature-salinity covariance theory of Stern ͑1968͒. We have found that the contribution to scattering from either of the co-spectrum models tends to be smallest at spatial wave numbers above the diffusive cutoff wave number for heat. For wave numbers below this, the approximate contribution from the co-spectrum for either model is given by 2/R c . If R c ϷϪ1, the contribution to scattering from the co-spectrum term can almost exactly cancel the contribution from the temperature and salinity terms combined, over a limited range of wave numbers. If R c Ͻ0 (Ͼ0), the contribution to the scattering from the cospectrum tends to reduce ͑increase͒ the magnitude of the scattering that results from the sum of the temperature and salinity contributions.
We have made scattering predictions based on generic model input parameter values that are typically for open ocean environments. In addition, scattering predictions based on high resolution microstructure measurements obtained in the vicinity of a seamount in the northeast subtropical Pacific ocean, Fieberling Guyot, have also been made. For these data, there are no free model input parameters outside of the initial model assumptions. Our results indicate that the layer of elevated turbulence above the seamount summit could give rise to significant scattering levels, comparable to those of typical zooplankton patches, particularly at higher wave numbers. The possibility that particulate scatterers, such as microbubbles, small zooplankton, or sand, may aggregate at the locations of energetic turbulence has not been considered in this analysis. Our predictions indicate that high-frequency acoustic scattering could be a viable technique, in combination with appropriate ground truthing, to map regions of elevated turbulent microstructure.
In conclusion, models such as the one presented here are important for the accurate interpretation of acoustic scattering data, though supporting physical and environmental information, gathered by any variety of techniques, will probably always be necessary for the unambiguous interpretation of high-frequency acoustic scattering data in terms of either physical or biological processes. However, before it is possible to fully capitalize on the acoustic scattering model presented here for scattering from turbulent oceanic microstructure, controlled field and laboratory testing and validation are necessary, in which the physical environment ͑temperature, conductivity, and fluid velocity͒ is characterized at least at the same resolution as the acoustic wave length, in addition to the adequate characterization of particulate scatterers that may be present in the areas of elevated turbulence.
